Semiconductor heterostructures that utilize carrier spin as a new degree of freedom offer entirely new functionality and enhanced performance over conventional devices. We describe the essential requirements for implementing this technology, focusing on the materials and interface issues relevant to electrical spin injection into a semiconductor. These are discussed and illustrated in the context of several prototype semiconductor spintronic devices, including spin-polarized light-emitting diodes and resonant tunneling structures such as the resonant interband tunneling diode.
Introduction
The field of semiconductor electronics is based exclusively on the manipulation of charge. The phenomenal progress in increasing circuit performance by reducing device dimensions at a rate commonly referred to as Moore's law is likely to be curtailed by practical and fundamental limits by the year 2010. 1 Consequently, there is keen interest in exploring new avenues and paradigms for future technologies. Since an electron bears spin as well as charge, combining carrier spin as a new degree of freedom with the established bandgap engineering of modern devices offers exciting opportunities for new functionality and performance, as the other articles in this issue have discussed. This approach is referred to as "semiconductor spintronics." 2 Materials research and the physics of new spin-dependent phenomena play key roles in this rapidly growing field as researchers work to develop new materials, such as ferromagnetic semiconductors, and try to understand the basic issues of spin injection and scattering at heterointerfaces.
One may distinguish two broad regimes envisioned for spin-dependent device operation: one in which the net spin polarization is the key parameter (i.e., there are more spins oriented in a given direction than in the opposite direction in either current or number density) and a second in which spin phase coherence is important. This article will focus on the former, 3 while the latter is relevant to other avenues of research such as the development of spinbased quantum computation, which relies on the controlled entanglement of wave functions. 4 One of the earliest proposals for a semiconductor spintronic device was for a spin-polarized field-effect transistor (spin-FET), 5 in which the source and drain contacts are ferromagnetic materials intended to inject and detect spin-polarized electrons transported in a high-mobility channel. The conductance of the FET would depend on electron spin orientation in the channel, which would be controlled by the gate voltage relative to the magnetization of the drain contact, producing a spin-based mode of operation. If the magnetization of the source and drain are independently controlled using techniques developed for magnetic memory, such a device offers nonvolatile and reprogrammable operation with spin or magnetization as a virtual fourth terminal, providing additional functionality and a new level of operation. This and other device concepts, including spin-dependent resonant tunneling diodes (spin-RTDs), 6 -11 gated spin coherent devices, 12, 13 spin-polarized light-emitting diodes (spin-LEDs), 14 and tunnel magnetoresistive devices, 15 have stimulated tremendous interest in this rapidly growing field.
There are four essential requirements for implementing a semiconductor spintronics technology in devices:
1. efficient electrical injection of spinpolarized carriers into the semiconductor, 2. adequate spin diffusion lengths and lifetimes for transport within the device, 3 . effective control and manipulation of the spin system, and 4. efficient detection of the spin system to determine the output.
Very encouraging progress has been made in the latter three areas. Spin diffusion lengths of many microns 16, 17 and spin lifetimes of Ͼ100 ns 18, 19 have been reported in optically pumped GaAs, for example. A number of successful methods have been demonstrated to manipulate 9,12,13 and detect 7, 14, 16, [20] [21] [22] [23] the state of the spin system. However, an efficient and practical means of electrical spin injection has heretofore been unavailable, and this lack has been a critical issue severely hampering progress in this field.
Electrical Spin Injection: The Spin-LED
Electrical spin injection requires a contact material and a corresponding interface that facilitates the transport of spin-polarized carriers into the semiconductor. The spin-LED 14 shown schematically in Figure 1a is a relatively simple device that enables one to focus on the injection process. Spinpolarized carriers injected from the contact radiatively recombine in the semiconductor, in this case, an AlGaAs/GaAs(001) quantum well (QW). If the carriers retain their spin polarization, the light emitted is circularly polarized. The quantum selection rules that describe the radiative recombination process provide a direct and fundamental link between the circular polarization of the light emitted along the surface normal, P circ , and the spin polarization of the carriers, P spin.
24, 25 For the GaAs QW considered here, P spin P circ , while for bulk GaAs, P spin 2P circ . Hence, the spin-LED provides a quantitative and model-independent measure of the carrier spin polarization achieved in the semiconductor due to injection from any contact/ interface. Note that this non-time-resolved measurement provides a lower bound for P spin , since the spin lifetime in the QW is typically shorter than the radiative lifetime. The helicity of the emitted light may be switched simply by changing the magnetization of the contact. Practical utilization of the spin-LED may include integrated chemical sensors or polarizationencoded optical information transfer. A photograph of an operational spin-LED is shown in Figure 1b .
Magnetic Semiconductor Contacts
A semiconductor that exhibits a net spin polarization is an ideal candidate for the injecting contact, since one can then design the structure using the established principles of bandgap engineering (in particular, the known band offsets) to optimize spin injection across the heterointerface. A semimagnetic semiconductor such as Zn 1-x Mn x Se is attractive for a number of reasons. These strongly paramagnetic materials exhibit a giant Zeeman effect (the band edges split into discrete spin levels in an applied magnetic field), 26, 27 so that the spin polarization can be continuously tuned by an applied magnetic field to provide an essentially 100% spin-polarized electron population, although only at relatively low temperatures. Zn 1-x Mn x Se is a well-studied material closely lattice-matched to GaAs, and the interface is well behaved and understood. Finally, it can readily be doped ntype, allowing one to focus on electron transport, which is the basis for modern high-frequency device technology. The first reports of electrical spin injection from such contacts into a GaAs QW LED showed large circular polarization (ϳ50%) of the raw electroluminescence data, convincingly demonstrating that the electrons reaching the QW were spin-polarized. [28] [29] [30] An example of such data is shown in Figure 2 , where the electroluminescence (EL) is plotted as a function of photon energy and analyzed for positive (+) and negative (-) helicity. P circ is defined as the difference in intensity of these components divided by their sum. At zero applied field, no optical polarization is observed, as expected. However, in an applied field, the giant Zeeman splitting of the Zn 1-x Mn x Se conduction band produces a highly polarized electron population that is injected into the AlGaAs/GaAs QW. Radiative recombination with unpolarized holes injected from the p-type buffer layer results in the spectra shown. The large difference in intensity between the + and -components is the signature of a spin-polarized carrier population in the QW, as clearly shown by the selection rules, which determine the radiative transitions allowed by quantum mechanical conservation of momentum (inset in Figure 2 ). Thus, a simple inspection of the raw data confirms successful electrical spin injection. The polarization of the EL data shown is 72% and saturates at a value of 83% for higher fields. 3 The quantum selection rules provide a quantitative link between P circ and the electron spin polarization: P circ ϭ P spin ϭ (na Ϫ nb)/(nb ϩ na) ϭ 0.83, or 83%, where na (m j ϭ ϩ1/2) and nb (m j ϭ Ϫ1/2) are the populations of the electron spin states with quantum number m j .
These results demonstrate that robust electrical spin injection indeed occurs in an all-semiconductor heterostructure, even across the heterovalent II-VI/III-V interface. Subsequent work has shown that such effects persist across air-exposed interfaces following epitaxial regrowth of the Zn 1-x Mn x Se contact. 31 Analysis of the interface defect structure has further shown that specific defects, such as stacking faults, limit spin-injection efficiency in diffusive transport. 32 Such generic defects are a potential source of spin-polarization loss for semiconductor spintronic devices in general and must be considered in device design.
Since semimagnetic semiconductors are paramagnetic, they exhibit significant carrier spin polarization only at low temperatures and high magnetic fields and are not suitable for practical applications. In contrast, ferromagnetic semiconductors (FMSs) exhibit spontaneous ferromagnetic order Electrical Spin Injection and Transport in Semiconductor Spintronic Devices at finite temperature and offer many new opportunities. New compounds based on III-V hosts such as Ga 1-x Mn x As are especially exciting because they can be grown on device substrates and incorporated into an existing technology. The basic properties, materials issues, and outlook are described in the article by Dietl and Ohno elsewhere in this issue. Advances in materials quality have increased the Curie temperature of Ga 1-x Mn x As to ϳ150 K, with the potential of exceeding room temperature. Since Mn acts as an acceptor in a III-V host, the III-Mn-V materials are p-typeindeed, a high hole density is believed necessary to mediate the ferromagnetic order. 33, 34 Although holes have lower mobilities and much shorter spin lifetimes than electrons, successful spin injection has been observed in carefully tailored structures. Carrier spin polarizations of 6% 35 and 1% 36 have been reported in spin-LED structures using GaMnAs as the injecting contact. Single-barrier GaMnAs/AlAs/GaMnAs tunneling magnetoresistance (TMR) structures have exhibited changes in resistance of 70% at 8 K for very thin (ϳ1.6 nm) AlAs barriers. 37 A TMR value of 30% was observed at 4.2 K in an unusual GaMnAs/ 5 nm AlAs/MnAs structure. 38 FMS materials that exhibit n-type behavior are especially attractive, since electron transport forms the basis for high-frequency device operation. Very recent work has demonstrated epitaxial growth of a classic FMS, n-type CdCr 2 Se 4 , on substrates of immediate technological relevance such as GaAs and GaP, although spin transport across the heterointerface has yet to be demonstrated. 39 In addition, n-type behavior has been reported in a number of other materials believed to be ferromagnetic semiconductors, as discussed in the articles by Dietl and Ohno and by Chambers and Farrow elsewhere in this issue. However, further work is needed to determine if the ferromagnetic behavior observed is a property of the diluted host lattice, as would be the case for a true FMS material, or the result of unwanted precipitates. The detection of spinpolarized band carriers provides an excellent litmus test to distinguish the two.
Magnetic Metal Contacts
Ferromagnetic metals offer most of the properties desired for a practical spininjecting contact material: a source of electrons rather than holes, high Curie temperatures, low coercive fields, and a well-developed materials technology due to decades of investment largely by the recording industry. Metallization is a standard process in any semiconductor-device fabrication line, thus the use of a ferromagnetic metallization could easily be incorporated into existing processing schedules.
A number of groups have attempted to inject spin-polarized carriers from a ferromagnetic metal contact into a semiconductor and reported measured effects on the order of 0.1-1%, with an estimate of actual spin polarization in the semiconductor extracted from a particular model. 20, [40] [41] [42] These experiments measured a change in resistance or potential, which some argue may be compromised by contributions from anisotropic magnetoresistance or a local Hall effect. [43] [44] [45] Recent model calculations by several groups [45] [46] [47] [48] [49] have indicated that the large difference in conductivity between a metal and semiconductor severely inhibits spin injection-the spin-injection coefficient, ␥ Ϸ N / F ϽϽ 1, is very small, where N and F are the conductivities of the normal (semiconductor) and ferromagnetic (metal) materials, respectively. In an overly simplistic picture, the ability of the semiconductor to accept carriers is independent of spin and much smaller than that of the metal to deliver them. Consequently, equal numbers of spin-up and spin-down electrons are injected regardless of the metal's initial polarization, resulting in essentially zero spin polarization in the semiconductor. This is described in more detail in the appendix accompanying this article (see p. 746), using an equivalent resistor model network. In the diffusive-transport regime (where all existing devices operate), successful spin injection occurs only for two conditions: either the conductivities of the ferromagnetic contact material and semiconductor are closely matched, or the contact is 100% polarized. 46 If neither condition is satisfied, the spin polarization in the semiconductor is very low (Ͻ1%). No ferromagnetic metal meets either of these criteria. Half-metallic materials offer 100% spin polarization in principle, 50, 51 although defects such as antisites or interface structure rapidly suppress this value. 52 These results underscore the attraction of ferromagnetic semiconductors.
It was suggested that this obstacle of conductivity mismatch could be circumvented if the interface resistance dominates, for example, by insertion of a tunnel barrier between the metal and semiconductor. 45, 53 The physical principles were first elucidated theoretically by Rashba, 53 who noted that such an approach supported a difference in chemical potential between the spin-up and spin-down bands at the interface, thereby enabling the use of ferromagnetic metals as spin-injecting contacts. Various oxides are commonly used as tunnel barriers. Magnetic metal/Al 2 O 3 /metal structures have been extensively studied, since they form the basis for a tunneling spectroscopy used to determine the metal spin polarization 54 and for TMR devices being developed for nonvolatile memory. 55, 56 However, for a metal contact on a semiconductor, the bending of the conductionand valence-band edges resulting from carrier depletion, which leads to Schottky barrier formation, provides a very natural potential barrier, as shown in Figure 3 . ), the depletion width is hundreds of angstroms 57 and very little electron current flows from the metal under reverse bias, characteristic of a rectifying contact. However, this width may be readily controlled by an appropriate doping profile-heavily doping the surface of the semiconductor during molecular-beam epitaxial growth reduces the depletion width to tens of angstroms, 58 so that tunneling from the metal into the semiconductor becomes a highly probable process. This approach avoids the use of a discrete barrier layer and the accompanying problems with pinholes (holes that occur in the barrier layer and act as electrical shorts), and Schottky contacts are already routine ingredients in semiconductor technology.
This tailored Schottky tunnel barrier approach was successfully demonstrated by Hanbicki et al. using an epitaxial Fe film on an AlGaAs/GaAs QW spin-LED heterostructure, 59 ,60 and electron spin polarizations of 32% were achieved in the GaAs QW. The LED structures were grown using an AlGaAs contact-layer doping profile designed to enhance tunneling. EL data from surface-emitting devices were obtained and analyzed as described earlier. 3, 59, 60 EL spectra from such a device are shown in Figure 3a as a function of magnetic field. In this case, the field is necessary to align the Fe magnetization (carrier spins) along the surface normal (Faraday geometry), so that the familiar quantum selection rules can be applied. The spectra are dominated by the QW heavy hole (HH) exciton, with a linewidth of 5 meV. HH refers to the valence-band state with the larger effective mass, which in this system lies at lowest energy and therefore dominates the optical transitions at low temperature. At zero field, the + and -EL components are equal, as expected, since the easy magnetization axis of the Fe film lies in plane. As the Fe magnetization is rotated out of plane, the + component dominates and a pronounced difference in intensities is observed in the raw data, signaling successful electrical spin injection. The circular polarization directly tracks the out-of-plane magnetization of the Fe film obtained by independent magnetom-etry measurements, as shown in Figure 3b , and saturates at 32% at a magnetic-field value characteristic of the Fe contact, 2.2T 4M Fe , where M Fe is the bulk magnetization of Fe. A number of control experiments show that spurious effects such as dichroism in the Fe film are negligible. 59 This behavior unambiguously confirms that the spin-polarized electrons recombining in the GaAs QW are electrically injected from the Fe contact, producing a QW spin polarization P spin P circ 32%. The sign of P circ confirms that Fe majorityspin electrons dominate, 3 consistent with previous work on Fe/Al 2 O 3 /Al tunnel structures. 54 Significant polarization is observed to nearly room temperature. Preliminary analysis of the temperature dependence of P circ shows that it is dominated by that of the QW spin lifetimes, 59 indicating that the injection process is independent of temperature, as expected for tunneling. Detailed analysis of the I-V behavior using the Rowell criteria (three characteristics that the I-V behavior should exhibit if tunneling is occurring), observation of phonon signatures, and a pronounced zero-bias anomaly in the conductance spectra convincingly show that tunneling is the dominant transport mechanism. 60 The spin-injection efficiency across the Fe/AlGaAs Schottky interface depends strongly on the details of the doping profile at the interface and elsewhere in the structure. Undoped QWs were used in all of the results described to avoid dilution of the electron-spin population and minimize electron-hole interactions, which reduce spin lifetimes. The high n-doping of the AlGaAs surface layer was just sufficient to reduce the width of the depletion layer to a thickness expected to enhance tunneling, while much lower doping levels (n ϳ 10 16 -10 17 cm 3 ) were used elsewhere. Heavy doping of extended regions reduces spin injection, due to spin scattering. A detailed model of the role of doping and other parameters is provided by Albrecht and Smith. 61 Zhu et al. also utilized a reverse-biased Schottky barrier to examine spin injection from Fe films grown epitaxially on a GaAs/InGaAs QW structure. 62 Although they observe no large differences in EL intensity when analyzed for + and -polarization, by using pulsed current injection and examining the wings of the Gaussianlike EL spectrum to distinguish the HH exciton contribution, they concluded that an injected spin polarization of ϳ2% had been realized that was independent of temperature. The reasons for the smaller effect are not clear, although it may be due to lower n-doping in the GaAs at the Fe interface, resulting in a wider barrier and reduced probability for tunneling. This group has also reported 6% injected polarization using a ferromagnetic MnAs metal contact. 63 Other groups have recently reported successful spin injection from a ferromagnetic metal into an AlGaAs/GaAs LED structure using a discrete Al 2 O 3 layer as the tunnel barrier. Manago and Akinaga obtained spin polarizations of ϳ1% using either Fe, Co, or NiFe contacts. 64 Motsnyi et al. 65 used a CoFe contact and the oblique Hanle effect 66 to measure and analyze the EL and determined a lower bound of 9% at 80 K for the injected electron spin polarization. This compares favorably to the results for the Schottky tunnel contact.
Fundamental Issues of Interfaces and Spin Injection
A number of groups have explored theoretically the prospects for spin injection across both metal/semiconductor and magnetic/nonmagnetic semiconductor interfaces. In this section, some of the fundamental criteria for injection are sketched, and the results of some specific first-principles computational studies are summarized.
Most theoretical treatments begin by assuming an ordered interface, so that the electron momentum parallel to the interface plane, k || , is conserved (i.e., k || is a good quantum number). This approximation is well justified for interfaces between materials whose lattice constants are nearly equal, including certain materials systems of technological interest-such as Fe/GaAs. It also simplifies the formalism most often used for calculating the spin-dependent conductance, the Landauer-Büttiker approach. 67, 68 In this method, the spinpolarized conductance ⌺ is identified with the total transmission probability T through the available conducting channels for each spin separately:
where e is the electron charge and h is Planck's constant. By assumption, k || is a good quantum number, and hence the total transmission probability can be written as a sum over the two-dimensional Brillouin zone of the transmission through individual channels labeled by k || ,
Methods for calculating T (k || ) generally follow the Green's function formalism of Baranger and Stone. 69 These are numerically intensive approaches whose description is beyond the scope of this review; for more details, see Although the full computation of Equation 2 is important for numerically accurate results, considerable insight into the important physics can be gained by con-
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Figure 3. (a) Schematic illustration of the Schottky tunnel barrier that forms at the Fe/AlGaAs interface (conductionband edge). EL spectra are shown at selected magnetic fields and T 4.5 K. (b) Field-dependence of P circ (open and solid circles) and the out-of-plane component of the Fe film magnetization (dashed line, normalized to the maximum value of P circ ). The solid triangles show the contribution to P circ due to magnetic dichroism in the Fe film measured with photoluminescence. This contribution is ϳ1% Ϯ 1%.
sidering transmission at the zone center, T (k || 0). This is because the conductance is then controlled by the requirement that the symmetries of the bands in the metal must be compatible with those of the semiconductor. For wave vectors normal to the interface plane, this symmetry matching requirement is particularly easy to analyze. Taking Fe/GaAs as an example, Wunnicke and co-workers 72 have shown that the full solution of Equation 2 predicts nearly ideal spin-filtering behavior, with spin polarization of the injected current as high as 99%. This result is just what is expected from the fundamental requirement of band-symmetry matching. Specifically, the lowest GaAs conduction bands have the symmetry of the ⌬ 1 irreducible representation within the C 2 group that describes the zinc-blende lattice with a (001) interface. Transmission can only take place from Fe bands whose symmetry group is compatible with ⌬ 1 (C 2 ); this includes the Fe ⌬ 1 and ⌬ 2 bands, but not the ⌬ 2 or ⌬ 5 bands. Moreover, the transmission is dominated by the channel between GaAs ⌬ 1 bands (with s-like symmetry) and Fe ⌬ 1 bands (with symmetry). The Fe minority-spin ⌬ 1 band is more than 1 eV above the Fermi level, while the majorityspin ⌬ 1 crosses the Fermi level. Hence, for heterojunctions without a tunneling barrier or a Schottky barrier, nearly all of the transport is expected to occur via the majority-spin channel-as borne out by the detailed numerical solution of Equation 2 and as measured experimentally. 3 Treating Fe/GaAs as a barrierless interface is a convenient starting point for theoretical treatment, but in practice this interface is known to have a Schottky barrier of 0.6-0.9 eV. Wunnicke et al. 72 simulated the effect of a Schottky barrier in Fe/GaAs by adding a potential step between the Fe and GaAs; the height of this barrier was fixed and its thickness was varied between 20 Å and 350 Å. The calculated spin polarization of the current was essentially unchanged from the 99% result obtained for barrierless interfaces. This need not always be the case, however; for Fe/ZnSe interfaces, thicker Schottky barriers reduced the spin polarization to about 77%. Nevertheless, these theoretical results for Fe/GaAs are very encouraging for the continuing experimental efforts to demonstrate large spin-injection efficiencies from magnetic metals into semiconductors.
Finally, we briefly discuss what is known about the atomic structure of metal/ semiconductor interfaces. Even interfaces between two closely lattice-matched materials may have a nonideal interface structure, with potentially significant consequences for spin transport. Previous
experimental work, summarized in References 3 and 74, has indicated that the Fe/GaAs interface is quite abrupt at the atomic scale, as illustrated in the transmission electron microscopy image in Figure ), each such Fe atom will likely carry a local magnetic moment oriented randomly with respect to the magnetization direction and will scatter electrons between the two different spin channels, thereby degrading the injected spin polarization.
It is important to ask, then, whether Fe diffuses into GaAs because it is energetically preferable to do so (in which case it may not be possible to prevent), or because of aspects of the growth process that could be changed, if necessary. A starting point for addressing this issue is to determine, from first principles, the lowest-energy structure of the Fe/GaAs interface. Erwin et al. have taken some preliminary steps in this direction. 76 Using density functional theory, they analyzed two complementary viewpoints: (1) that the structure of Fe/GaAs is determined by the initial stages of growth, which are controlled by the energetics of Fe adsorption on the GaAs substrate; and (2) that the Fe/GaAs interface can attain its lowest-energy equilibrium configuration regardless of the growth history. For the initial growth stages, they found that the bonding between Fe and As dominated the nucleation of Fe films, to the extent that excess Ga in the surface layer would be displaced by the adsorbing Fe. Under the assumption of equilibrium conditions, they found that intermixed interfaces were favored for Fe films of less than 1-2 monolayers, while abrupt films were favored for more than 2 monolayers. Although neither limit is likely to describe the real interface completely, an important lesson learned was that local chemistry competes with other more nonlocal contributions to the energy. Elucidation of the actual interface structure(s) will have to await further experimental and theoretical investigations.
Modeling More Complex Device Structures
Rashba's theory of spin injection, 53 which follows earlier work by van Son et al. 77 , is based on the diffusion approximation and assumes a tunnel contact between the ferromagnet and semiconductor that is spin-selective-that is, it has different conductivities for up and down spinsand spin relaxation is neglected. The results highlight two requirements for efficient spin injection: (1) the mesoscopic contact (interface) resistance must dominate, and (2) the contact (interface) must be spinselective (see the sidebar article for details).
Rashba's theory elucidates several key issues, but the simplifying assumptions that were made lead to certain limitations. First, microscopic calculations of the contact resistances are quite challenging, even in the ballistic limit. In reality, the Landauer-Büttiker formalism should be modified, because the tunnel junction is embedded in a diffusive region. 78 Second, the theory neglects spin-orbit interactions near the interface. Third, it is limited to the ohmic regime, while in reality, large biases often lead to nonlinear I-V characteristics.
Nevertheless, the theory provides simple and physically sound guidance on how to increase spin-injection efficiencies-for example, by increasing the spin-selectivity of the contact resistance. In principle, any tunnel contact between a ferromagnetic material and a nonmagnetic material will be spin-selective, because the spin polarization of the density of states leads to spin polarization of the tunnel current. While the density of states is not explicitly present in the Landauer formula, it can be shown that the transmission coefficient is proportional to the product of the densities of states in the emitter and collector. 79 Therefore, one obvious way to improve spin injection is to use highly spinpolarized, or even half-metallic, ferromagnetic emitters.
Most ferromagnetic materials, however, are not half-metallic, and therefore, alter- native strategies are important. Here, we discuss two: (1) spin-injection from a ferromagnetic emitter through a specially designed interface into a nonmagnetic collector, and (2) spin-filtering using a magnetically active "interface" such as a ferromagnetic QW. In this design, the interface has an intrinsic spin-selectivity, eliminating the need for a ferromagnetic metal electrode. In the remainder of this section, we discuss these two device designs in more detail.
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Spin Injection Using a Specially Designed Interface
Spin-dependent resonant tunneling can be used to increase the spin selectivity of tunneling contacts in a very efficient way. For example, double-barrier heterostructures (DBHs), consisting of a nonmagnetic semiconductor QW between two insulating barriers and two FMS electrodes (see Figure 5 inset), may behave as half-metallic junctions if the parameters of the QW and barriers are properly tuned. 15 Experiments on spin-RTDs reveal a remarkable interplay of magnetism, spin-orbit coupling, and quantum confinement, resulting in pronounced spin-selectivity that can be controlled by an external bias or magnetic field. 7, 80 Under certain conditions, the spin-RTD is an almost ideal spin valve, allowing tunneling in the majority-spin channel only. The basic physics is easily illustrated with a one-band model. 15, 81 The model is restricted to the ballistic regime and small biases, where only electrons at the Fermi surface contribute to the tunneling current. The geometric parameters of the DBH shown in Figure 5 are tuned so that at k || 0, the resonant level E R is in the energy interval 0 Ͻ E R Ͻ ⌬ ex /2, where ⌬ ex is the FMS exchange splitting. In this interval, the density of states for the minority spins in the emitter is zero. Therefore, only majority spins can tunnel resonantly from the ferromagnetic emitter. The system works as an almost ideal spin valve even though the ferromagnetic leads are not half-metallic. Within the one-band model, the magnetoresistance grows exponentially with the barrier width and displays a strong maximum as a function of the QW width, reaching a maximum of several thousand percent. This result has no resemblance with the Jullière formula, 82 since TMR is controlled by the parameters of the nonmagnetic parts of the junction rather than by the spin polarization of the leads. The resonant enhancement of TMR survives even if we take into account spinflip processes caused by the spin-orbit interaction. For more realistic multi-band calculations, the predicted magnetoresistance is smaller but still very large, reaching 800% for tunneling of holes in GaMnAs/AlAs/GaAs/AlAs/GaMnAs DBHs ( Figure 5 ). 15, 83 Such structures may be used as nonvolatile memory elements or reprogrammable logic gates and incorporated in more complex architectures such as application-specific integrated circuits or field-programmable gate arrays.
Spin-Filtering Using a Magnetically Active Interface
Electrons in III-V semiconductors have remarkably long spin lifetimes, while the holes rapidly dissipate their spin. 17 Unfortunately, all known III-V FMS materials are p-type, and hence only supply spinpolarized holes. For this reason, using interband (or Zener) tunneling is a necessary logical step toward designing allsemiconductor spin-injection devices. 35, 36 Indeed, spin-injection devices based on Zener tunneling of valence electrons from p-type ferromagnetic GaMnAs into n-GaAs produce injected electron populations with spin polarizations of 1-6%. 35, 36 The band diagram for a recently proposed spin resonant interband tunneling device (spin-RITD) is shown in the inset to Figure 6 . 84 The band offset between InAs and the ferromagnetic GaMnSb QW creates an energy gap between the bottom of the InAs conduction band and the top of the GaMnSb valence band. Therefore, unpolarized electrons from the InAs emitter can tunnel into the InAs collector through hole states in the GaMnSb QW. Since the hole states in the QW are spin-polarized, the emerging electrons will be as well.
Theoretical I-V characteristics for the spin-RITD are shown in Figure 6a . 84 The perpendicular spin polarization of the tunneling current is remarkably high, up to Electrical Spin Injection and Transport in Semiconductor Spintronic Devices Figure 6b) . Also notable is a sharp dependence of the spin polarization on applied bias, which allows for control of both the magnitude and sign of the polarization by varying an external voltage. This controllable spin filtering is a remarkable feature of spin-RITDs and may have significant potential for a variety of possible spintronic applications. 2 Previous investigations of conventional (i.e., spin-independent) interband resonant tunneling have mainly focused on RITDs with GaSb QWs 85 and reveal quite robust operation in a wide temperature range. Spin-filtering-or more precisely, the exchange splitting of the light-hole channel-has already been observed experimentally in DBHs with semimetallic ErAs QWs. 80 Ga 1-x Mn x Sb random alloys with Curie temperatures of up to ϳ30 K have been grown, 86 and much higher Curie temperatures have been reported for Ga 1-x Mn x Sb digital alloys, although this has been attributed to the formation of quasi two-dimensional MnSb islands. 87 At the same time, digital growth techniques have proven to be very efficient for
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The results of Rashba's theory 1 on the effect of conductivity on spin injection can be illustrated by means of a simplified equivalent resistor network model, shown in the Figure. The model describes a nearcontact region with nonequilibrium spins where the electrochemical potentials a and b of spin-up and spin-down electrons are significantly different. 2 The interface contact resistances ⌺ Ϫ1 a and ⌺ Ϫ1 b are introduced as discontinuities of a and b at the interface. 1, 3 It can be shown that ⌬ ϭ a Ϫ b obeys the diffusion equation and decays exponentially from the interface into the bulk ferromagnetic and semiconductor regions with characteristic spin diffusion lengths L F and L N , respectively.
1-3 The spin-up and spin-down currents I a (x) and I b (x) also depend on x exponentially near the interface, while the total current I I a ϩ I b constant.
In the effective resistor network model, we replace the near-interface region L F ϩ L N with the equivalent resistances that are connected in parallel, as shown in the are the effective resistances of the ferromagnet, contact, and semiconductor, respectively. This is exactly Rashba's formula. The first term is not significant if the ferromagnet is a metal rather than a half-metal because of the factor (1d)
The second term will be significant only if the first fraction is close to 1, that is, only if , and the second fraction is not zero (⌺ is spin-selective). The junction resistance can be calculated in the same way.
Hence, two criteria must be satisfied in order to have efficient spin injection: (1) the mesoscopic contact resistance, (2) must dominate; and (2) the contact must be spin-selective. The spin injection can then be detected either in optical experiments as described earlier or in spin-valve experiments on ferromagnet/semiconductor/ferromagnet junctions in the regime where spin-flip processes in the interior semiconductor region can be neglected, that is, when the width of this region is smaller than the spin diffusion length and the contact resistance is not too large: ,
growing high-quality magnetic QWs. 88 These developments may soon make the manufacturing of the spin-RITD a reality.
